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The struture of the three-body Borromean nuleus
6
He is approximated by a two-body di-neutron
luster model. The binding energy of the 2n-α system is determined to obtain a orret desription
of the 2n-α oordinate, as given by a realisti three-body model alulation. The model is applied to
desribe the break-up eets in elasti sattering of
6
He on several targets, for whih experimental
data exist. We show that an adequate desription of the di-neutron-ore degree of freedom permits
a fairly aurate desription of the elasti sattering of
6
He on dierent targets.
PACS numbers: 24.10.-i, 24.10.Eq., 25.10.+s, 25.45.De, 25.60.G
I. INTRODUCTION
The sattering of a weakly bound projetile by a target
represents a hallenging as well as an interesting problem
in nulear physis. A proper understanding of the pro-
ess requires an aurate desription of the struture of
the projetile, inluding all bound and unbound states
that an be eetively oupled during the ollision. In
the ase of weakly bound two-body projetiles the prob-
lem has been solved using the Continuum Disretized
CoupledChannels (CDCC) method [1, 2, 3℄. Within the
CDCC method, the reation proess of a loosely bound
two-body projetile by a strutureless target is treated
within a three-body piture. The idea of the method is
to represent the ontinuum part of the two-body proje-
tile spetrum by a nite set of square integrable states.
These states are then used to generate the diagonal as
well as non-diagonal oupling potentials that enter the
system of oupled equations.
In priniple, the method an be extended to three-body
projetiles. This will be the ase, for instane, of Bor-
romean nulei, onsisting of three-body loosely bound
and spatially extended systems, typially omposed of a
ompat ore plus two weakly bound neutrons (n+n+c),
and with no bound binary subsystems. In this ase, a
desription of the three-body spetrum of the projetile
is required. However, the alulation of the unbound
spetrum of a three-body system is a very ompliated
problem by itself. In general, eah physial state will
be a ompliated superposition of many hannels with
all possible spin and orbital angular momenta ongura-
tions. The alulation of the oupling potentials and the
solution of the set of oupled equations in this large ba-
sis represents a ompliated task. Despite these diul-
ties, in two reent works [4, 5℄, this method has been ap-
plied to desribe the sattering of
6
He on
12
C and
209
Bi.
These alulations reprodue suessfully existing elasti
sattering data for these reations and represent an im-
portant advane towards the understanding of few-body
nulear reations.
Most of the omplexity of these proesses involving
Borromean nulei arises from the fat that these sys-
tems exhibit many exitation modes, whih an be as-
soiated with two dierent degrees of freedom: the n−n
relative motion, and the (nn) − c motion. In general,
both modes will be exited during the ollision. How-
ever, when the system is sattered by a medium mass
or heavy target, the projetile-target interation will ex-
ite mainly the oordinate between the neutrons and the
ore, sine the repulsive Coulomb interation will tend to
repel the harged ore, while the neutrons an approah
loser to the target. Moreover, the nulear interation
will attrat more strongly the weakly bound neutrons.
So, the net eet of the interation with the target will
be to streth the nn−c oordinate, pushing the ore apart
from the target and pulling the neutrons lose to it. Thus,
a desription of the projetile exitation mehanism that
takes into aount expliitly the nn−c oordinate should
explain the main features of the reation mehanism of
the three-body system with the target.
Given the omplexity of the full CDCC alulations
with three-body projetiles, the development of these
simple models an be very helpful to understand the main
features of these proesses by retaining only the essential
ingredients to keep the model realisti.
In this work we revisit the so alled di-neutron model
for the
6
He ase. In Se. II, we address the problem of
the
6
He struture within a three-body model. In Se. III,
we review the di-neutron model for this nuleus, and we
propose a method to improve the auray of the model,
while keeping its simpliity. In Se. IV the new method
is tested against existing experimental data for
6
He sat-
tering on several targets. Finally, Se. V is for summary
and onlusions.
II. THREE-BODY MODEL FOR
6
HE
Within a three-body piture, the wavefuntion of the
6
He system an be onveniently expressed in terms of
one of the Jaobi sets of oordinates. For the purposes
of the present work, the most suitable representation is
2that in terms of the neutron-neutron relative oordinate,
x, and the nn-4He oordinate, y. This wavefuntion,
here denoted Ψ3B(x,y), an be obtained by solving the
Shrödinger equation, using any of the methods proposed
in the literature. Here, we followed the proedure pro-
posed in [6, 7℄, in whih the wavefuntion is expanded
in hyperspherial oordinates. The basi ingredient of
the alulation are the two-body interations between
the subsystems (n − n and n − α). Besides the two-
body potentials, the model Hamiltonian also inludes a
simple entral three-body fore depending on the hyper-
radius. This is introdued to overome the under-binding
aused by the other losed hannels, suh as the t+t
hannel. The n-4He potential is taken from Refs. [8, 9℄,
with entral and spin-orbit omponents, and the neutron-
neutron potential, with entral, spin-orbit and tensor
omponents, from the presription of Gogny, Pires and
Tourreil [10℄. These alulations were performed with
the ode STURMXX [11℄ whih uses the formalism de-
sribed in [9℄. The maximum hyperangular momentum
was set to Kmax = 20 and the three-body fore was
adjusted to give the right binding energy. The alu-
lated three-body wave funtion has a binding energy of
ǫb = 0.955 MeV and a rms point nuleon matter radius
of 2.557 fm when assuming an alpha-partile rms matter
radius of 1.47 fm. Further details of these alulations
an be found in Ref. [9, 12℄. It should be noted that the
three-body wavefuntion is a ompliated superposition
of many hannel ongurations. Eah hannel is hara-
terized by the angular momentum in the n-n and (nn)-α
oordinates (lx and ly), the total orbital angular momen-
tum (L) and the total spin of the neutron pair (Sx). In
the
6
He ground state the dominant onguration orre-
sponds to Sx = lx = ly=0, whih ontributes to 80% of
the norm.
In order to ompare with the di-neutron model, pre-
sented below, we onsider now the behavior of the wave-
funtion in the y oordinate. For this purpose, we alu-
late the probability density in the (nn)-α relative oor-
dinate, y, here denoted as ρ(y). This was alulated by
integrating the square of the three-body wavefuntion on
the neutron-neutron oordinate, i.e.
ρ3B(y) = y2
∫
|Ψ3B(x,y)|2dxdΩy , (1)
where Ψ(x,y) is the total three-body wavefuntion and
Ωy denotes the angular variables (θy, φy). This density is
plotted in Fig. 1 with the thik solid line. To illustrate the
dominane of the Sx = lx = ly = 0 omponent, we show
also the same quantity, retaining only this omponent in
the wavefuntion (thik dashed line). It an be notied
that, for y > 5 fm, the di-neutron density is ompletely
determined by this omponent. Consequently, a realis-
ti model for the
6
He ground state wavefuntion must
aount, at least, for this onguration.
In sattering alulations involving the
6
He nuleus it
is essential to inlude also a realisti desription of the
ontinuum states, given the large breakup probability of
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FIG. 1: (Color online) Neutron density in the di-neutron
model, ompared with a realisti three-body model. The di-
neutron alulations use a Woods-Saxon potential with radius
R = 1.9 fm and diuseness a = 0.25 fm.
weakly bound nulei. In the ase of the Coulomb inter-
ation, the response of the ontinuum to exitations of
multipolarity λ is onveniently treated in terms of the
redued transition probability, B(Eλ) [13℄. In Fig. 2 we
onsider the B(E1) (upper panel) and B(E2) (bottom
panel) distributions, plotted as a funtion of the exita-
tion energy of the
6
He nuleus with respet to the ground
state. In both panels the full three-body alulation is
depited by the thik solid line. In these alulations,
the ontinuum states were represented by true sattering
wave funtions, as reported in Ref. [9℄. The narrow peak
in the B(E2) orresponds to the known 2+ low lying res-
onane.
III. THE DI-NEUTRON CLUSTER MODEL OF
6
HE
We want to onsider situations in whih the (nn) − c
degree of freedom is more relevant than the nn degree of
freedom in
6
He. This is the ase, for example, when ele-
tri operators are onsidered in struture alulations, or
when Coulomb fores dominate in a ollision. One ould
think then in approximating the three-body wavefun-
tion by a produt of two-body wavefuntions, i.e.
Ψ3B(x,y) ≃ Ψ2B(y)ψ(x). (2)
The di-neutron model takes into aount only the
(nn) − c degree of freedom, whereas the relative mo-
tion between the two valene neutrons is ignored. This
amounts to onsider that the neutron pair remains in
a highly orrelated state ψ(x) during the ollision and,
hene, exitations in this oordinate are not permitted.
Moreover, the neutrons are assumed to be oupled to spin
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FIG. 2: (Color online) B(E1) and B(E2) transition strengths
for the
6
He nuleus using dierent struture models. The solid
lines orrespond to the three-body alulation obtained with
the true sattering states [9℄. Di-neutron alulations using
for the 2n-α binding energy either the two-neutron separation
energy (dotted-line) or the modied value ǫb = −1.6 MeV
(dotted-dashed line) are also shown.
zero, and bound to an inert α ore in a s-wave relative
motion whih, as we have seen before, is the dominant
onguration in the
6
He ground state wavefuntion. This
model is inspired in the deuteron-α luster model, whih
has been very suessful in the desription of
6
Li satter-
ing within the ontinuum disretized oupled hannels
method (eg. [14, 15, 16℄).
The problem in the di-neutron model lies on evalu-
ating the wavefuntions, for the bound and ontinuum
states, desribing the motion of the halo neutrons rela-
tive to the α ore, Ψ2B(y). Following the luster model,
one assumes that these wavefuntions an be obtained
as the eigenstates of the Hamiltonian orresponding to
a ertain 2n-α interation. Typially, one assumes some
reasonable geometry for the 2n-α interation, and then
adjusts the potential depth to obtain a given binding en-
ergy for the 2n-α system.
In all the alulations here presented, the α + 2n in-
teration was parameterized using a standard Woods-
Saxon form, with radius R0=1.90 fm and diuseness
a = 0.25 fm, whih orresponds to the set III of Ref. [17℄.
The ground state wavefuntion was assumed to be a pure
2S onguration, sine, due to the Pauli priniple, the 1S
state is forbidden.
So, the key question is: whih is the binding energy
that one should use for the 2n-α system, so that the or-
responding wavefuntion gives a reasonable desription
of
6
He in a di-neutron model?
In the appliation of the deuteron-α luster model to
6
Li [14, 15, 16℄, one evaluates the binding energy for d−α
just as the separation energy of
6
Li into d + α. This is
a reasonable proedure, whih an be applied beause
the deuteron is bound by 2.2 MeV, whih is more than
the separation energy of
6
Li into d + α, and so one an
argue that the relative wavefuntion of the valene proton
and neutron within
6
Li is not very dierent from that in
a free deuteron. Besides, the deuteron-α luster model
gives reasonable values for the mean square radii of
6
Li.
In the appliations of the di-neutron model done so
far to
6
He [17, 18, 19, 20, 21, 22℄, the binding energy of
the di-neutron has been taken as the two-neutron sepa-
ration energy of
6
He, i.e., |ǫb|=S2n=0.975 MeV. It should
be notied that, with this hoie, one is assuming impli-
itly that the relative wavefuntion of two neutrons within
6
He would be in a state similar to that of two neutrons
with zero relative energy. This leads to an unrealisti
wavefuntion for the di-neutron-α motion, as disussed
below.
The use of a binding energy ǫb = −0.975 MeV yields
the potential depth V0 = 93.51 MeV. For the ℓ = 0 and
ℓ = 1 ontinuum states we used the same potential as for
the ground state. For the ℓ = 2 ontinuum, the potential
depth was hanged to V0 = 91.25MeV, in order to get the
2+ resonane at the value obtained in the the three-body
alulation whih, in turn, is lose to the experimental
value (ǫx = 0.825 MeV above the breakup threshold).
To illustrate this, we ompare the density probability
assoiated with the nn − c oordinate in the two- and
three-body models. In the di-neutron model, the neu-
tron density analogous to Eq. (1) is simply obtained as
ρ2B(y) = |yR(y)|2, where R(y) is the radial part of the
wave funtion Ψ2B. In Fig. 1, the density probability
obtained with this model is given by the dotted line.
When ompared to the realisti three-body alulation
(thik solid line) it beomes apparent that the former ex-
tends to onsiderably larger distanes. For example, the
rms assoiated to the di-neutron-α oordinate is 4.36 fm,
onsiderably larger than the predition of the three-body
model, 3.25 fm. In view of this result it is not surprising
that the oupling of the ground state wavefuntion with
the dipole ontinuum states is unphysially enhaned in
the two-body model.
This is indeed the ase, as we an see in Fig. 2. In
both panels, the dotted line orresponds to the di-neutron
model. These distributions learly overestimate both the
E1 and E2 strengths predited by the three-body model
(thik solid lines). Not surprisingly, previous attempts
to desribe
6
He sattering by heavy targets [23, 24℄ us-
4ing this model showed that this simplied desription of
the
6
He nuleus tends to overestimate the eet of the
ontinuum ouplings. In [22℄ it was shown that, reduing
the strength of the dipole ouplings, the agreement with
the data ould be signiantly improved.
We onsider that the 2n-α binding energy used in the
di-neutron model should not be given by the two-neutron
separation energy. The di-neutron system whih appears
in
6
He is a orrelated state, whih, in the absene of the
α partile, will be given by a wave paket with positive
expetation value of the energy. Thus, the atual 2n-α
binding energy should be more negative, to ompensate
for the positive energy of the di-neutron. We propose
to obtain 2n-α binding energy to reprodue the known
properties of the
6
He system, suh as the rms radius and
the transition strengths, within the di-neutron model.
Asymptotially, the di-neutron wavefuntion behaves as
∝ exp(−ky) with k =
√
2µ|ǫb|/h¯ and µ the 2n-α redued
mass. Then, a natural hoie for |ǫb| is to make the slope
as lose as possible to the three-body ase. This leads
to the value |ǫb| = 1.6 MeV. The density alulated with
this value, shown by the dotted-dashed line in Fig. 1,
reprodues very well the three-body alulation (thik
solid line) for separations beyond 4 fm. The di-neutron-α
mean square separation obtained with the new wavefun-
tion is redued to 3.4 fm, in muh better agreement with
the three-body result. With the new binding energy, the
depth of the s-wave is modied to V0=96.06 MeV. Again,
this depth was used for the p-waves. The depth of the
ℓ = 2 potential had to be hanged to V0=92.7 MeV, in
order to get the 2+ resonane at the orret exitation
energy with respet to the ground state.
We note that, among the three geometries proposed in
Ref. [17℄, namely, the set I (a = 0.65 fm), set II (a =
0.39 fm) and III (a = 0.25 fm) the latter is found to
reprodue more aurately the three-body density. The
other two geometries, having a larger diuseness, give
rise to a higher rms, even after modiation of the two-
neutron separation energy to orret the slope of the di-
neutron density.
It an be seen that, with this geometry and binding
energy, the E1 and E2 transition strengths are also well
reprodued. This is shown in Fig. 2 by the dotted-dashed
lines. It is observed that this inrease of the binding en-
ergy redues both strengths showing a muh better agree-
ment with the predition of the three-body alulation.
Note that, due to the modiation of the binding energy,
the breakup threshold appears at a higher energy in our
di-neutron model. So, the di-neutron model does not de-
sribe the low-energy ontinuum of
6
He, whih is below
1.6 MeV exitation energy. However, it desribes fairly
well the ontinuum around the maximum of the B(E1)
distribution (2 MeV) and beyond.
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FIG. 3: (Color online) Elasti sattering angular distribu-
tion, divided by the Rutherford ross setion, for the re-
ation
6
He+
64
Zn at E = 10 and 13.6 MeV. The dashed
line is the luster-folding alulation without inlusion of the
ontinuum. The dashed line and the thik solid line are
the di-neutron model alulations using the binding energy
ǫb = S2n = −0.975 MeV, and the modied binding energy
ǫb = −1.6MeV, respetively. The experimental data are taken
from [25℄.
IV. CALCULATIONS
In the remaining, we ompare the two-body models
disussed above with the elasti sattering data for sev-
eral reations indued by
6
He. In all the alulations
here presented, we used the geometry of the 2n-α poten-
tial with the smaller diuseness (a = 0.25 fm). All these
alulations are performed within the standard CDCC
method [1℄.
We rst onsider the reation
6
He+
64
Zn at Coulomb
barrier energies, whih was reently measured by Di
Pietro et al. [25℄. The
6
He (=2n + α) ontinuum was
disretized into N = 7 energy bins, evenly spaed in the
asymptoti momentum k, and up to a maximum exita-
tion energy of ǫmax = 7 MeV. We inluded s, p and d
waves for the 2n-α relative orbital angular momentum.
Inlusion of f waves had a negligible eet on the elasti
5angular distributions.
In these alulations, the α+64Zn interation was
taken from the optial model t performed in [25℄. For
the 2n+64Zn interation, we used the parameters of the
d+
56
Fe potential obtained in Ref. [26℄. Diagonal as
well as non-diagonal potentials were derived from these
potentials by means of a single-folding method, as de-
sribed elsewhere [17℄. The oupled equations were in-
tegrated up to 100 fm, and using 50 partial waves for
the projetile-target relative motion. These alulations
were performed with the ode FRESCO [27℄.
In Fig. 3 we show the results for the elasti sattering
angular distribution at the laboratory energies E=10 and
13.6 MeV, along with the data of Di Pietro et al. [25℄. For
eah energy three urves are shown: the dashed line is the
lusterfolded alulation in whih the projetile-target
interation is folded with the ground-state density of the
6
He nuleus, without inlusion of the ontinuum. At
the higher energy this alulation exhibits a pronouned
rainbow whih is not observed in the data. Moreover,
at both energies these alulations learly underestimate
the data at bakward angles. Inlusion of the ontinuum
within the onventional di-neutron model (dotted lines)
improves the agreement at bakward angles, but redues
too muh the ross setion at the rainbow, thus under-
prediting the data. This eet is a diret onsequene
of the overpredition of the B(E1) distribution in the
di-neutron model, as explained above. Finally, the thik
solid line is the CDCC alulation with the di-neutron
model with a modied binding energy (ǫb = −1.6 MeV).
This alulation improves the agreement at the rainbow,
partiularly at E = 13.6 MeV. At E = 10 MeV this
alulation slightly underestimates the data at bakward
angles, but we ould not nd an explanation for this dis-
repany.
Next, we study the
6
He+
208
Pb,
209
Bi,
197
Au reations,
whih were reently analyzed in [22℄. In Fig. 4 we present
the alulations for the Pb and Bi targets, along with the
experimental data from Kakuee et al. [28℄ and Aguilera
et al. [29℄, respetively. Details of the fragment-target
optial potentials and binning sheme an be found in
Ref. [22℄. The meaning of the lines is the same as in
Fig. 3. In both ases, the alulation without ontinuum
displays a marked rainbow, whih is not observed in the
data. We have added also a alulation without ontin-
uum, but with the modied binding energy ǫb = −1.6
MeV (thin solid line). This alulation illustrates the
stati eet aused by the hange in the ground state
wavefuntion produed by the modiation of the bind-
ing energy. Qualitatively, these two alulations are very
similar. In partiular, the pronouned rainbow is still
present in the new alulation. The similitude between
these two alulations indiates that the trend of the
data an not be simply explained by hanging the size
of the di-neutron−α wavefuntion and, onsequently, dy-
namial eets are indeed very important. Inlusion of
the ontinuum within the onventional di-neutron model
(dotted line), produes a strong redution of the ross
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FIG. 4: Elasti sattering angular distribution, divided by
Rutherford ross setion, for the reations
6
He+
209
Bi at E =
22.5 MeV (upper part) and 6He+208Pb at E = 27 MeV (lower
part). The dashed line is the alulation without inlusion of
the ontinuum, using the binding energy ǫb = −0.97 MeV.
The thin solid line is a similar alulation, but with ǫb =
−1.6 MeV. The dotted line and the thik solid line are the
di-neutron model alulations using the binding energy ǫb =
S2n = −0.975 MeV, and the modied binding energy ǫb =
−1.6 MeV, respetively. Experimental data are from [28℄ and
[29℄.
setion at intermediate angles, largely underestimating
the data. As noted above, this is aused by the overesti-
mation of the dipole ouplings in this model. In the mod-
ied di-neutron model the rainbow is also suppressed, but
the nal result is in very good agreement with the data.
Finally, we disuss the results for the
6
He+
197
Au re-
ation at E = 27, 29 and 40 MeV, and ompare with
the data of [30℄. The lines have the same meaning as in
gures 3 and 4. Similarly to the ase of the lead tar-
get, at E = 27, 29 MeV the one hannel alulation ex-
hibits a pronouned rainbow, whih is almost absent in
the data. This eet is very well aounted for in the
modied di-neutron alulation. At E = 40 MeV, the
rainbow is suppressed somewhat, but not ompletely, in
the full CDCC alulation. The lak of data at the rele-
vant angles does not permit to make strong onlusions
about the existene of the rainbow, but the agreement be-
tween the data and the alulation is fairly good where
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FIG. 5: Elasti sattering angular distribution, divided by
the Rutherford ross setion, for the reation
6
He+
197
Au at
E = 27, 29 and 40 MeV. The dashed line is the luster-folding
alulation without inlusion of the ontinuum. The dotted
line and the thik solid line are the alulations using the di-
neutron model with ǫb = −S2n = −0.975 MeV and ǫb = −1.6
MeV, respetively. The experimental data are taken from [30℄.
the omparison is possible.
It is interesting to note that the underestimation of the
data in the onventional di-neutron model is more pro-
nouned at lower energies. This is beause at lower en-
ergies dipole Coulomb ouplings beome more important
and, as we showed before, these ouplings are unphysi-
ally enhaned in the onventional di-neutron model.
All these alulations show that the proposed model
desribes fairly well the elasti data for dierent targets
and ould even be used as a preditive tool for reations
for whih data do not exist. The good agreement with
the data learly supports the idea, antiipated in the in-
trodution, that the degree of freedom whih enters a-
tively in the elasti sattering of Borromean systems on
medium mass and heavy targets, is that for the relative
motion between the halo neutrons and the ore.
V. SUMMARY AND CONCLUSIONS
In this work, we have studied the appliation of the
di-neutron model to desribe
6
He struture and satter-
ing. We nd that, when the di-neutron model is applied
assuming for the 2n-α binding energy the two-neutron
separation energy of
6
He, the desription of the struture
of
6
He obtained is not in agreement with the results of a
realisti three-body alulation. One obtains an unreal-
istially long tail of the 2n-α relative wavefuntion, and
too large values of the B(E1) and B(E2) distributions.
When this model of
6
He is used in sattering alula-
tions, the ouplings between the ground state and the
ontinuum states are overestimated, and this produes
too muh absorption from the elasti hannel.
We have proposed a modied di-neutron model, in
whih the 2n-α binding energy is set to reprodue the
density distribution in the 2n-α oordinate given in a re-
alisti 3-body model. We nd that a 2n-α binding energy
of 1.6 MeV produes a rms and B(E1) and B(E2) distri-
butions whih are similar to those obtained in a realisti
three-body alulation.
The model has been tested for several reations in-
dued by
6
He, providing in all ases a very good desrip-
tion of the elasti sattering data. These results indiate
that, despite its simpliity, the model an provide a use-
ful and reliable desription of reations involving the
6
He
nuleus. Using an idential proedure, the method ould
be also extended to other Borromean systems, suh as
11
Li or
14
Be.
We would like to emphasize that the present model
is not intended to replae the realisti three-body al-
ulations for the sattering of Borromean nulei. The
development of these models, although numerially more
demanding, are of great importane for a full quantita-
tive understanding of these proesses. However, we be-
lieve that simple models, as those disussed here, are also
very useful to provide us with a transparent physial in-
terpretation of these ollisions.
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